Uterine labor requires the conversion of a quiescent (propregnancy) uterus into an activated (prolabor) uterus, with increased sensitivity to endogenous uterotonic molecules. This activation is induced by stressors, particularly inflammation in term and preterm labor. Neuromedin U (NmU) is a neuropeptide known for its uterocontractile effects in rodents. The objective of the study was to assess the expression and function of neuromedin U receptor 2 (NmU-R2) and its ligands NmU and the more potent neuromedin S (NmS) in gestational tissues, and the possible implication of inflammatory stressors in triggering this system. Our data show that NmU and NmS are uterotonic ex vivo in murine tissue, and they dose-dependently trigger labor by acting specifically via NmU-R2. Expression of NmU-R2, NmU, and NmS is detected in murine and human gestational tissues by immunoblot, and the expression of NmS in placenta and of NmU-R2 in uterus increases considerably with gestation age and labor, which is associated with amplified NmU-induced uterocontractile response in mice. NmU-and NmS-induced contraction is associated with increased NmU-R2-coupled Ca ++
INTRODUCTION
Uterine labor is characterized by vigorous myometrial contractions required to expulse the fetus from the uterus. A number of genes and their translated proteins, referred to as uterine activation proteins (UAPs), stimulate and coordinate myometrial contractions during labor. The expression of UAPs is induced by uterotrophins (uterine activators) [1] . As pregnancy nears the end, uterotrophins (such as estrogen, CRH, and proinflammatory cytokines [e.g., interleukin 1b fIL1bg, IL6, and tumor necrosis factor a fTNFag]) induce the expression of many UAPs in the uterus, including oxytocin receptor (OXR), prostaglandin F 2a receptor (FP), connexin-43, prostaglandin-endoperoxide synthase 2 (COX-2) [1] [2] [3] [4] [5] , and many others [6] . The uterus then becomes increasingly sensitive to uterotonins, which are proteins responsible for inducing uterine contractions, including oxytocin (OT) and prostaglandin F 2a (PGF 2a ). Preterm labor results from the unscheduled induction of UAPs by stressors, including inflammation with or without infection. Hence, UAPs are interesting targets to arrest preterm labor.
Neuromedin U (NmU; U for uterus) was named for its ability to induce contractions on ex vivo uterine strips; yet, there is a growing list of functions associated with NmU that includes regulation of appetite, diminution of insulin secretion, release of different hormones, and smooth muscle contraction (of various organs: blood vessels, gut, and uterus) [7, 8] . NmU exerts its actions by binding to two G protein-coupled receptors: neuromedin U receptor 1 (NmU-R1; FM-3 or GPR66) and NmU-R2 (FM-4) [8] [9] [10] [11] [12] . Both NmU receptors are coupled to G i and G q/11 -phospholipase C b [13] . The activation of the latter leads to the intracellular release of calcium and induces contractions of smooth muscle cells. Another ligand of NmU receptors, neuromedin S (NmS), is expressed in the hypothalamus, spleen, and testis, and has been described to be more specific and exhibit higher affinity to NmU-R2 [14] . NmU has been extensively shown to exert pleiotropic effects in the brain. Notwithstanding its known procontractile effects on rodent uterus [15] , which have been suggested to be mediated by NmU-R2 [16] , little is known regarding its mechanism of action in uterus and potential role in labor, but it may be relevant in the context that neuromedin B, a neuropeptide of the same family, was recently shown to induce labor in mice via its receptor NmBR [17] .
We therefore studied the effects and mode of action of NmU and NmS, and their cognate receptor NmU-R2, in uterus, and their implication in term and preterm labor. Our findings reveal expression of NmU and NmS in human and murine placenta, and of their receptor NmU-R2 in human and murine myometrium, with a significant increase in the expression of NmU-R2 and NmS near the end of gestation and during labor. Studies in mice suggest that NmU-R2, once activated by its ligand NmU or NmS, shares all major characteristics that are common to UAPs, by 1) exhibiting increased expression with onset of labor, 2) exerting gestational age-dependent uterocontractile effects, 3) contributing endogenously to inflammationtriggered preterm birth (PTB), and 4) being induced by uterotrophins [1, 4, 5, [18] [19] [20] ; the latter was again corroborated on decidual biopsies of women with clinical evidence of infection. More importantly, NmU and NmS administration in pregnant mice was found to shorten gestation, and Nmur2 knocked-down mice had significantly lower PTB induced by lipopolysaccharide (LPS). Hence, NmU-R2 is a potential new UAP that appears important for PTB associated with infection. 
MATERIALS AND METHODS

Ethics Approval
Animals
Timed-pregnant CD-1 mice were obtained from Charles River Inc. at different gestational ages and were allowed to acclimatize for 4 days prior to experiments. Animal studies were approved by the Animal Care Committee of Hôpital Sainte-Justine along the principles of the Guide for the Care and Use of Experimental Animals of the Canadian Council on Animal Care. The animals were maintained on standard laboratory chow under a 12L:12D cycle and were allowed free access to chow and water. 
Protein Extraction from Human Myometrial Biopsies
Myometrial biopsies were flash frozen in liquid nitrogen and stored at À808C. Frozen myometrial tissues wrapped in aluminum foil were later crushed using a mortar and pestle in liquid nitrogen, and 0.1-0.2 g of myometrial tissue was placed in a round-bottomed tube with a 7-mm bead and 0.5 ml of lysis buffer containing 0.05% Tris, 0.01% ethylene diamine tetraacetic acid, 0.001% Triton X-100, 0.005% PMSF, and 0.1% protease inhibitor. Tissues were then lysed by shaking the tubes at a high speed (frequency 25/sec) using the TissueLyser II (Qiagen). Tissue lysates were centrifuged at 12 000 3 g for 10 min at 48C, and the supernatants were collected for Western blot analysis.
Primary Murine Myometrial Smooth Muscle Cell Isolation and Culture
Primary murine myometrial smooth muscle cells (mSMCs) were isolated as previously described [21] and used at fewer than three passages. Briefly, pregnant mice (at Gestational Day 10 [G10] or 19) were killed by cervical dislocation and sprayed with 70% ethanol. The whole uterus was excised under sterile hood and placed in buffer A (Hanks balanced salt solution [HBSS], pH 7.4; 0.098 g/L magnesium sulfate; 0.185 g/L calcium chloride; 2.25 mmol/L I-HEPES [N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid]; 100 U/ml penicillin-streptomycin [Gibco]; and 2.5 lg/ml amphotericin B [Sigma]). Placentas, fetal membranes, and products of conception were discarded and the uterine horns were cleansed of fat and vessels and then transferred into buffer B (buffer A without magnesium sulfate or calcium chloride) for several washes by gentle flushing. Afterward, the uterine horns were cut into 1-mm-wide fragments and transferred into a volume of 10 ml/g of tissue of digestion buffer (1 mg/ml collagenase type II [Sigma], 0.15 mg/ml deoxyribonuclease I [Roche Diagnostics GmbH], 0.1 mg/ml soybean trypsin inhibitor [Sigma], 10% fetal bovine serum [FBS] , and 1 mg/ml bovine serum albumin [Sigma] in buffer B). Enzymatic digestion was performed at 378C with agitation (100 revolutions per minute) for 30 min. The homogenate (still containing undigested myometrium fragments) was then poured through a 100-lm cell strainer. The resulting filtered solution was centrifuged at 200 3 g for 10 min, and the pellet was resuspended in complete Dulbecco modified Eagle medium (DMEM) and plated in a T-75 dish. The remaining myometrium fragments were reused in an enzymatic digestion, and the whole digestion-centrifugation process was repeated for a total of five times. First, two digestion results were discarded because they mostly contained fibroblasts. The other three SMC-containing dishes were subjected to a differential adhesion technique to selectively enrich for uterine myocytes. Briefly, 30-45 min after the cells were first plated, the medium was removed and dispensed in another T-75 culture dish to separate quickly adhering fibroblasts from slowly adhering myocytes. Purity of the cells was assessed by immunohistochemistry using the smooth muscle cell marker aactin and was always maintained above 95%.
Cell Culture
Primary murine mSMCs or human mSMCs (hTERT cell line) were cultured in DMEM growth medium supplemented with 10% serum, 50 U/ml penicillin, and 50 mg/ml streptomycin. Cells were propagated in regular conditions (378C, 5% CO 2 ). For immunoblotting and PCR experiments, cells were serum starved overnight and treated with various concentrations of NmU or 5 ng/ml IL1b for 10 min. Cells were collected in ice-cold RIPA buffer containing a cocktail of protease/phosphatase inhibitors and cleared from debris by centrifugation. Samples were stored in Laemmli buffer at À208C or used fresh for Western blotting.
Induction of Birth
Timed-pregnant mice were injected intraperitoneally with NmU, NmS, PGF 2a , or oxytocin twice a day for 2 consecutive days. Injections were made at G13-G14, G15-G16, or G17-G18 twice a day for a total of four injections. Doses used for NmU and NmS correspond to those previously used to induce NADEAU-VALLÉ E ET AL. labor in mice with neuromedin B [17] . Mice were checked every 2 h for any signs of labor/delivery, such as vaginal bleeding or delivery of at least one pup.
Intrauterine IL1b and LPS Injection
Timed-pregnant mice at G9 were steadily anesthetized with isoflurane. Body hair was removed and peritoneal skin was sterilized with 70% ethanol and then covered with povidone-iodine 7.5% (Atlas Laboratory). A 1.5-cm-tall median incision was made in the abdominal wall of the lower abdomen. The lower segment of the right uterine horn was then exposed and 1 lg of IL1b, LPS, or an equivalent volume of saline (for sham animals) was injected between two gestational sacs without entering the amniotic cavity. The abdominal muscle layer was sutured and the skin closed with clips. Twentyfour hours after the intrauterine injection (at G10), mice were killed with CO 2 , and placenta and lower (cervical end) uterus samples were collected and preserved at À808C for subsequent RNA purification and Western blotting. For contraction experiments ex vivo, fresh uterine fragments were used immediately after killing.
Lentivirus Production
We produced infectious lentivirus (LV) by transiently transfecting lentivector and packaging vectors into 293FT cells (Invitrogen) as previously described [22] . We used five different small-hairpin RNA (shRNA) sequences against Nmur2 (see Table 1 for sequences) and selected the most effective sequence for further experiments (see Supplemental Fig. S1 , A and B, for efficacy and variability of NmU-R2 knockdown using LV.shNmU-R2; Supplemental Data are available online at www.biolreprod.org). In vivo infections were performed on G13 or G15 mice via a single intrauterine injection under the same protocol as described above. Lentivirus was allowed to infect cells/tissues for at least 72 h. Lentiviral syringes were coded; hence, the person injecting was blinded to treatment attribution.
LPS-Induced Preterm Birth Model
Timed-pregnant mice pretreated for 72 h with an intrauterine injection of lentivirus or saline received 10 lg of intraperitoneal LPS or an equivalent volume of saline at G16. Signs of delivery were assessed every 2 h (as described above). Survival of pups was assessed at the moment of birth (62 h after completion of delivery).
RNA Extraction and Real-Time Quantitative PCR
Myometrium fragments were thawed and rapidly preserved in Ribozol (AMRESCO), whereas cells from in vitro experiments were treated for 6 h with 5 ng/ml IL1b and collected directly into Ribozol. RNA was extracted according to the manufacturer's protocol and RNA concentration and integrity were measured with a NanoDrop 1000 spectrophotometer. A total of 500 ng of RNA was used to synthetize cDNA using iScript Reverse Transcription SuperMix (Bio-Rad). Primers were designed using NCBI Primer Blast (Table 2) . Quantitative gene expression analysis was performed on Stratagene MXPro3000 (Stratagene) with SYBR Green Master Mix (Bio-Rad). Gene expression levels were normalized to 18S universal primer (Ambion Life Technology). Dissociation curves were also acquired to test primer specificity. Genes analyzed include: Nmu, Nms, Nmur1, Nmur2, Ptgfr (prostaglandin F receptor), and Oxtr (oxytocin receptor). Detailed primer sequences are shown in Table 2 .
Western Blotting
Proteins from homogenized myometrium fragments and cell samples lysed in RIPA buffer were quantified using Bradford method (Bio-Rad). A total of 50 lg of protein sample was loaded onto SDS-PAGE gel and electrotransferred onto PVDF membranes. After blocking, membranes were incubated with either an antibody against NmU (no. sc-368069; Santa Cruz Biotechnology), NmS (no. PAA828Mu01; Cloud-Clone Corp.), NmU-R1 (no. sc-47241; Santa Cruz Biotechnology), NmU-R2 (no. sc-47250; Santa Cruz Biotechnology), cyclophilin B (no. ab16045; Abcam), anti-GAPDH (PA1-987; Pierce Protein Biology, Thermo Scientific), or b-actin (no. sc-47778; Santa Cruz Biotechnology); although NmU and NmS antibodies detect the corresponding propeptides [7] , expression patterns were corroborated throughout the study by nearly identical mRNA profiles. Membranes were then washed with PBS containing 0.1% Tween 20 (Sigma-Aldrich) and incubated for 1 h with their respective secondary antibodies conjugated to horseradish peroxidase (HRP; Sigma). . Enhanced chemiluminescence (GE Healthcare) was used for detection using the ImageQuant LAS-500 (GE Healthcare), and densitometric analysis was performed using ImageJ (National Institutes of Health). Resulting values were normalized first with the loading controls (bactin, GAPDH, or cyclophilin B) and then as a ratio of the control samples.
Calcium Assay
A total of 40 000 mSMCs per well were cultured overnight in 96-well clearbottomed black plates (no. 3603; Corning) prior to the calcium assay performed according to manufacturer's protocol (F36206; Life Technologies). In brief, medium was changed for a probenecid-containing assay buffer, and plates were read using a microplate reader (EnVision Multilabel reader, PerkinElmer), in response to on-time stimulations with NmU, NmS, PGF 2a , or OT (using apparatus injectors). Five readings were taken before the injection (basal readings), and 2-sec interval postinjection readings were automatically stopped after 30 sec. Assay buffer was used as a negative control. Values are presented as a ratio between means of readings and means of basal readings.
Ex Vivo Uterine Contraction Experiment
Timed-pregnant mice at different gestational ages were killed with CO 2 , and uterine tissue fragments were collected. Briefly, a midline abdominal incision was made, and the uterine horns were rapidly excised and carefully cleansed of surrounding connective tissues. Longitudinal myometrial strips (2-3 mm wide and 10 mm long) were dissected free from uterus, mounted isometrically in organ tissue baths, and initial tension was set at 2 g. The tissue baths contained 20 ml of Krebs buffer of the following composition (in mM): 118 NaCl, 4.7 KCl, 2.5 CaCl 2 , 0.9 MgSO 4 , 1 KH 2 PO 4 , 11.1 glucose, and 23 NaHCO 3 (pH 7.4). The buffer was equilibrated with 95% oxygen:5% carbon dioxide at 378C. Isometric tension was measured by a force transducer and recorded by a BI-OPAC data acquisition system (BI-OPAC MP150). Experiments began after 1 h of equilibration. The mean tension of spontaneous contractions was measured using a BI-OPAC digital polygraph system (AcqKnowledge); the same parameters were also determined after the addition of NmU, NmS, PGF 2a , or oxytocin. At the start of each experiment, mean tension of spontaneous myometrial contractions was used as the reference response. Increases in mean tension (%) were expressed as percentages of (X/ Y) À 100, where X is change in mean tension (g) induced by NmU, NmS, oxytocin, or PGF 2a , and Y is the initial reference response (g).
Histological Analysis of Placental Villous Tissue
Villous tissue biopsies were fixed in 10% neutral buffered formalin and paraffin embedded. For immunohistochemistry, 5-lm-thick sections were obtained using a microtome and processed as previously described [23] . The following antibodies were used: NmU (1:50; Santa Cruz Biotechnology) and NmS (1:10; Cloud Corp.), with matched HRP-conjugated secondary antibodies (goat anti-rabbit-HRP; Bio-Rad). Staining was revealed using 3,3-diaminobenzidine (Amresco) and slides were counterstained with hematoxylin and mounted. Primary antibodies were omitted for negative controls. Images were obtained with a slide scanner (Axioscan; Zeiss) using Zen2 program.
Primary Cytotrophoblast Isolation and Culture
Primary cytotrophoblasts were isolated from term placentas from uncomplicated pregnancies obtained after cesarean delivery using a wellestablished method developed by Kliman et al. [24] . Briefly, villous tissue was dissected, minced, and rinsed in PBS prior to three enzymatic digestions in HBSS with trypsin and DNase. Cytotrophoblasts were obtained from these digestions after separation by centrifugation on a discontinuous Percoll gradient. Cytotrophoblasts were plated at 2 3 10 6 cells per milliliter in DMEM-F12 supplemented with 10% FBS and penicillin/streptomycin and washed with PBS to removed nonadherent cells after 12 h. Cells were treated with LPS (1 lg/ml; Sigma-Aldrich) for 24 or 48 h in Opti-MEM (Life Technologies). Cells were collected in lysis buffer (PBS with 1% Triton X-100 and protease inhibitor cocktail), they were centrifuged at 13 000 rpm for 10 min at 48C, and supernatant was collected and kept at À208C until it was used for analysis.
Immunocytochemistry
Cells were plated on coverslips precoated with poly-D-lysine and fixed in 4% paraformaldehyde. After blocking, cells were incubated overnight with a primary antibody for rabbit anti-a-actin and for 1 h at ambient temperature with a secondary antibody conjugated with Alexa Fluor 488 (Sigma). Nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (1:5000; Invitrogen). Images were captured using a 303 objective with an Eclipse E800 (Nikon) fluorescence microscope.
Statistical Analysis
Groups were compared by two-tailed Student t-test or one-way analysis of variance (ANOVA). Dunnett multiple-comparison method was employed when treatments were compared to a single control. Tukey multiple-comparison test was used for ex vivo contraction assays. A value of P , 0.05 was considered statistically significant. Data are presented as means 6 SEM.
RESULTS
NmU-R2 Is Expressed in Murine Uterus and Induces Uterine Contractions and Labor upon Stimulation with NmU and NmS
We confirmed the expression of NmU-R2 in murine pregnant uterus at term gestation (G19; Fig. 1A ) and the uterocontractile effects of NmU (EC 50 ¼ 15 nM; Fig. 1B) . Effects of NmU were NmU-R2 dependent, because uterine contraction was markedly diminished after Nmur2 knockdown ( Fig. 1C; Supplemental Fig. S1 , A-C) performed with an intrauterine injection of lentiviral-encoded shRNA-Nmur2. In contrast to Nmur2 knockdown, that of Nmur1 did not alter critical contraction-associated uterine smooth muscle NmUtriggered Ca þþ mobilization (Supplemental Fig. S1 , D and E), which is consistent with the documented NmU-R1-independent uterotonic effects of NmU [16] . Additionally, NmU-R2-specific ligand NmS [14] also increased uterine contractility, comparably to NmU (at ;EC 50 value; Fig. 1D ). Hence, NmU exerts its effects on the uterus specifically via NmU-R2.
NmU injected in vivo intraperitoneally twice daily on G17 and G18 to pregnant mice dose-dependently accelerated delivery, equivalent to that observed with established uterine contractile agonist PGF 2a , but less effectively than oxytocin (Fig. 1E) ; shortened gestation induced by NmU was again NmU-R2 dependent, because it was abrogated in mice with uterine knockdown of Nmur2 (Fig. 1F) ; shRNA-Nmur2 did not significantly affect length of intact gestation. The NmU-R2-specific ligand NmS [14] exerted a modest shortening of gestation of 12 h, comparable to that by NmU (Fig. 1G) .
Expression of NmS (but Not
Given the labor-inducing action of NmU and NmS, we studied the endogenous expression of these NmU-R2 ligands in placenta, which is considered a key organ in the regulation of on-time labor [25] . We found placental protein and mRNA expression of NmU ( Fig. 2A and Supplemental Fig. S2A ) and NmS ( Fig. 2B and Supplemental Fig. S2B ); NmU expression was consistent throughout pregnancy, whereas NmS was exclusively and consistently expressed during spontaneous labor in mice. Study of human placental biopsies collected from women at term not in labor (TNL) or in established labor (TL) paralleled murine data, revealing expression of both NmU and NmS (Fig. 2, C and D) , with a marked increase of NmS during labor.
We also studied the expression of procontractile NmU-R2 in murine and human uterus. In murine uterus, NmU-R2 protein and mRNA expression rose near term, peaked during labor, and rapidly declined 24 h postpartum ( Fig. 2E and Supplemental Fig. S2D ). Study of human myometrial biopsies was again rigorously consistent with murine data, revealing a marked (.7-fold) and gradual increase of NmU-R2 protein expression in pregnant women at term and preterm (TL, n ¼ 5; TNL, n ¼ 9; preterm without any clinical sign of labor [PTNL], n ¼ 4) compared with nonpregnant women (n ¼ 4; Fig. 2F and Supplemental Fig. S2G ). In contrast, NmU-R1 protein and gene expression in murine uterus did not increase during gestation or labor (Supplemental Figs. S1F and S2, C-F). Concordant with the gestational age-dependent rise in NmU-R2 expression, ex vivo uterine contractile response to NmU also significantly rose (dose dependently) with advancing gestation (Fig. 2G) ; NmU potency was comparable to that of PGF 2a at any gestational age. Correspondingly, NmU, as seen with PGF 2a , accelerated delivery when administered (intraperitoneally) in late but not early gestation (Table 3) , confirming the gestational age-dependent effect of NmU.
NmU-R2-Coupled Contraction-Associated Intracellular Signaling in Response to NmU Is Gestational Age Dependent
Primary murine mSMCs isolated at G10 (G10 mSMCs) and G19 (G19 mSMCs) were used to study NmU-and NmSinduced signaling responses. One first notes the purity of our cell isolate cultures (.95% of cells immunoreactive to a-actin), and significantly greater mRNA and protein expression of NmU-R2, but not NmU-R1, in cells isolated at G19 compared with G10 (Supplemental Fig. S3 ), as seen directly on uterine samples (Fig. 2E) . NmU induced greater calcium transients on G19 mSMCs than G10 mSMCs (Fig. 3A) ; a similar profile was NADEAU-VALLÉ E ET AL.
FIG. 1. NmU and NmS induce uterine contractions and labor via NmU-R2.
A) NmU-R2 immunoblot from term uterus. Spleen and kidney samples were used as negative and positive controls, respectively. B) Representative ex vivo contraction assay performed on a myometrium fragment from a pregnant mouse at term in response to increasing NmU concentrations (top) and dose-response curve (bottom). C) Pregnant mice were pretreated with LV.shNmU-R2 or LV.shScrambled at G15, and their uteri were collected at term for a contraction assay in response to NmU and OT. For each uterine strip, the contractile response to NmU was normalized to its response to OT (to control for interindividual variability). *P , 0.05. D) Ex vivo contraction assay on G19 uteri in response to 10 À8 M NmU or NmS. E) Pregnant mice were injected intraperitoneally with increasing NmU doses twice a day from G17 to G18. Control animals were given an equivalent volume of saline. PGF 2a and OT were used as positive controls at a dose of 160 lg/kg. *P , 0.05, ***P , 0.001 compared with vehicle only. F) Pregnant mice were pretreated with LV.shNmU-R2 or LV.shScrambled at G15 and then treated with 160 lg/kg NmU twice a day from G17 to G18. *P , 0.05, **P , 0.01, ***P , 0.001 compared with NmU or NmU þ LV.shScrambled. G) Pregnant mice were injected intraperitoneally with 160 lg/kg NmS or NmU twice a day from G17 to G18. ***P , 0.001 compared with vehicle only. Data for A-D are representative of four to five mice per group. The number of mice used in E-G is displayed above each group, and mice treated with vehicle (control mice) were pooled together and repeatedly shown in each graph. Values are presented as mean 6 SEM. Data were statistically analyzed using one-way ANOVA with comparison to control groups using Dunnett multiple-comparison test; ns, not significant.
INFLAMMATION CONTROLS UTEROTONIC NmU-R2
FIG. 2. The expression of NmS in placenta and of NmU-R2 in uterus increases near term and during labor in mice and humans, which is associated with increased NmU-induced myometrial contractility at term. A and B) NmU (A) and NmS (B) representative immunoblots of murine placentas collected at different gestational ages (G) and during spontaneous term labor (TL). Lower panels show densitometric analysis of protein bands normalized with b-actin and plotted as fold change versus the control group (G12). C and D) NmU (C) and NmS (D) immunoblots of human placenta biopsies from women at term not in labor (TNL) or in established labor (TL). Lower panels show densitometric analysis of protein bands normalized with b-actin and plotted as fold observed upon stimulation with known uterotonins PGF 2a and oxytocin. As expected, NmU-induced calcium transients were NmU-R2 dependent (Fig. 3B and Supplemental Fig. S1E) ; the extent and duration of calcium transients are consistent with those observed for other G protein-coupled receptors [26, 27] . Exploration of NmU-R2 downstream mechanisms in G19 mSMCs revealed that NmU does not activate (by phosphorylation) p38, JNK, and c-jun (Supplemental Fig. S4A ), but it does activate Akt and Erk (Fig. 3 , C and D, and Supplemental Fig. S4 , B and C); no effect was seen in G10 mSMCs. NmUtriggered Akt activation, but not that of Erk, was inhibited by calmodulin inhibition (W-7) and by phospholipase Cb inhibition (U73122; Supplemental Fig. S4, D and E) . Nmur2 knockdown abrogated NmU-induced Akt and Erk activation in G19 mSMCs (Fig. 3, E and F) . A schematic diagram of NmU-R2 signaling pathway is presented in Supplemental Figure S4F . NmS, which acts specifically on NmU-R2 [14] , also elicited calcium transients, as well as Akt and Erk activation, comparable to those seen with NmU (Fig. 3, G-I ).
IL1b Induces Uterine Expression of NmU-R2 and Potentiates Its Uterotonic Effects; Proinflammatory Infectious Stimuli Trigger NmS Expression in Human Decidua and Placenta
Chorioamnionitis is a major factor in triggering PTB [4] [5] [6] . We determined whether NmU-R2 is regulated by inflammatory factors. In line with the important role for IL1b in eliciting uterine inflammation and PTB [28] [29] [30] [31] , we stimulated G10 mSMCs with IL1b and measured the mRNA expression of Nmur1 and Nmur2, as well as Ptgfr and Oxtr; expression of the last three genes (but not Nmur1) was upregulated within 6 h by IL1b (Fig. 4A) . Of relevance herein, progesterone (when antiinflammatory PR-B is dominant [32] ) had no effect on expression of these genes (data not shown). We then proceeded to explore whether inflammation (IL1b-induced) could reproduce these effects in vivo. Consistent with changes observed in mSMCs, IL1b (1 lg intrauterine, at G9 [ Fig. 4B] ), shown to amplify uteroplacental inflammation [30] , induced protein and mRNA uterine expression of NmU-R2 (Fig. 4C and Supplemental Fig. S2I ), but not NmU-R1, in mice (Supplemental Figs. S1G and S2H) . Correspondingly, uteri isolated from pregnant mice (G10) treated with IL1b displayed increased uterocontractile response to NmU ex vivo (Fig. 4D) . Concordantly, calcium transients triggered by NmU were significantly increased in murine mSMCs isolated at G10 and pretreated with IL1b (Fig. 4E) ; this effect was also observed in human mSMCs (Fig. 4F) .
Given the strong and consistent effect of IL1b in triggering NmU-R2 expression and actions in uterus, we determined whether IL1b triggered expression of NmU-R2 ligands in placenta. IL1b was found to increase placental expression of the NmU-R2-specific agonist NmS, but not NmU, in mice (Fig.  4, G and H) . A similar induction of placental NmS was observed when mice were stimulated intrauterinely with known inflammasome-activating TLR4 ligand LPS (arising from Gram-negative bacteria) to mimic an infectious stimulus (Fig.  4I) . Consistent with murine data, NmS expression was found to be markedly augmented (.8-fold) in decidual biopsies from women who delivered preterm with clinical evidence of infection (PTLi, n ¼ 3) compared with those without (PTL, n ¼ 3; Manchester, U.K., tissue bank; Fig. 4J ). In human placenta, NmS was primarily expressed by cytotrophoblasts and Hofbauer (placental macrophage) cells (within placental villi), whereas NmU was specifically expressed by syncytiotrophoblasts (external layer of placental villi; Fig. 4K ). Therefore, we stimulated primary human cytotrophoblasts isolated from term placenta with LPS for 24 and 48 h; LPS induced NmS expression from cytotrophoblasts (Fig. 4L) , validating human and murine data (presented in Fig. 4, H-J) .
NmU-R2 Plays a Key Role in Infection-Induced PTB
Previous results strongly suggest that NmS in placenta and NmU-R2 in uterus are regulated by inflammatory stimuli with or without infection. We proceeded to study the role of NmU-R2 in PTB associated with infection. For this purpose G16 mice were injected with LPS (to mimic infection), in animals previously treated or not treated intrauterinely with lentivirus encoded with shRNA against procontractile Nmur2 (or scrambled shRNA). Gestation was significantly prolonged in LPS-treated Nmur2 knocked down animals, by an average of ;28 h (Fig. 5A) ; this effect was associated with improved neonatal survival rate (Fig. 5B) .
DISCUSSION
Inflammation, with or without infection, is considered to be implicated in more than 50% of PTBs, and its onset is often subclinical. Administration of bacteria or bacterial endotoxins in pregnancy triggers uterine activation pathways that can induce labor in rodents and nonhuman primates [30, [33] [34] [35] [36] . Our findings indicate that NmU-R2 and its specific ligand NmS are regulated by inflammation in humans and animals, and play a critical role in infection-associated PTB. First, we found in Figure S2G . G) Ex vivo contraction assay in response to increasing doses of NmU performed on myometrium fragments from pregnant mice at G10, G14, or G19. Uteri collected at G19 were only considered if the mice were still undelivered. PGF 2a and OT were used as positive controls at a dose of 10 À8 M. Data are representative of four to five mice per group and at least three independent experiments. Values are presented as mean 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001 by one-way ANOVA with comparison to control groups using Dunnett multiple-comparison test; ns, not significant.
INFLAMMATION CONTROLS UTEROTONIC NmU-R2
FIG. 3. NmU-R2-associated signaling in mSMCs is potentiated by gestational age. A) Calcium assay performed on primary mSMCs from pregnant mice at either G10 or G19. PGF 2a and OT were used as positive controls at a concentration of 10 À6 M; n ¼ 12-45 in each group. B) G19 myometrial cells were pretreated with LV.shNmU-R2 or LV.shScrambled for 72 h and then used in a calcium assay in response to 10 À8 M NmU or OT. The calcium mobilization response to NmU is also presented when normalized with the response to OT (inset); n ¼ 6-12 in each group. C and D) Akt (C) and Erk (D) phosphorylation immunoreactivity on primary mSMCs from pregnant mice at G10 or G19 stimulated with increasing concentrations of NmU for 10 min. murine gestational tissues that the expression of NmU-R2 and NmS was markedly increased upon intrauterine treatment with the major proinflammatory labor-inducing cytokine IL1b. Correspondingly, treatment with IL1b significantly increased the uterotonic effect and associated calcium transients coupled to NmU-R2 in murine and human mSMCs. Second, the inflammation-driven NmU-R2 upregulation observed in animals was also observed in human gestational tissues, because NmS was upregulated in women with clinical signs of infection; correspondingly, NmS was induced by LPS stimulation of primary human cytotrophoblasts isolated from term placenta. This suggests that the bacterial trigger needs to penetrate placental villi to induce NmS production from placenta and in turn promote labor. Interestingly, NmU-R2 is another labor-associated protein present in the central nervous system, as is the case for OXTR and IL-1RAcPb [37] . Third, knockdown of NmU-R2 in uterus significantly delayed preterm labor induced by Gram-negative bacterial product LPS. For these reasons, we suggest that infectious and noninfectious proinflammatory stimuli in pregnant gestational tissues, as well as advanced gestational age (in case of physiological term labor), trigger: 1) NmU-R2 upregulation in myometrium, thereby increasing the uterocontractile sensitivity to NmS; and 2) NmS production in placenta (specifically in cytotropho- blasts). This uterotonic system may contribute to the establishment of functional labor at term and preterm in the case of a pathological activation of an intrauterine inflammatory cascade (Fig. 6) . Hence, NmU-R2 constitutes an interesting target for the prevention of inflammation-associated PTB.
Preterm birth remains a challenge for clinicians because there are no available pharmacological agents sufficiently effective at prolonging preterm gestation by more than 48 h and improving newborn outcomes. The development of preventive therapies is limited because diagnostic tools with successful positive predictive values are also lacking, which hinders the identification of women at risk of preterm labor. Current therapies administered to women in labor (tocolytics) are largely ineffective and in many cases (e.g., indomethacin, nifedipine) are used off-label [38] . Only one tocolytic drug specifically designed to target uterine contraction has been approved in the last 30 yr, the oxytocin receptor antagonist atosiban. Although atosiban was demonstrated to be as efficacious as b-mimetics (which remains limited) and much better tolerated by women [39] , its usage is limited to Europe, because it failed to gain U.S. Food and Drug Administration approval. Hydroxyprogesterone is effective for women with either short cervical length or prior history of preterm labor [40] . Yet there is still an unmet medical need for an effective tocolytic. Uterine activation proteins are interesting targets for the prevention of preterm birth because their induction directly precedes labor, and their functions are critical for successful labor.
Herein, we characterized a potential UAP, NmU-R2 (and its ligands NmU and NmS), in labor. NmU-R2 is upregulated in human and animal gestational tissue at term and during labor; NmS is concomitantly upregulated during parturition. The properties of NmU-R2 correspond to those of known UAPs: 1) its expression increases near labor and decreases in the immediate postpartum period; 2) it exhibits gestation agedependent uterocontractile effects; 3) it is induced by proinflammatory uterotrophins, and its expression correspondingly increases during preterm labor with clinical evidence of infection; and 4) it contributes to the process of labor. In this study, NmU-R2 was found to be important for the onset of preterm labor associated with infection, but not necessary for labor at term, as seen with our NmU-R2 knocked-down model displaying normal parturition at term. This may be due to redundant mechanisms that are present in term uterus to ensure successful delivery, as is seen with the unaltered gestation length in germ line gene knockout mice for other critically important proteins, including IL1R1, TNFa, OT, COX-1, and others [19] .
NmU-induced ex vivo uterine contractions have already been reported to be unaltered by NmU-R1 deficiency (using gene knockout mice), and thus are independent of NmU-R1 [16] . The present study is concordant and clarifies actions of NmU by showing that its contractile-associated effects (calcium transients) in uterus are specifically mediated by FIG. 6 . Proposed role of NmU-R2 and its ligand NmS in physiological term labor and in pathological PTB. The schema provides a current view of inflammation-associated preterm birth whereby pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) activate pattern recognition receptors in uterus, predominantly Toll-like receptors (TLRs), to trigger an inflammatory cascade characterized by the local maturation and release of proinflammatory, prolabor cytokines, leading to uterine activation and PTB. Our study reveals that uterotonic NmS and its cognate receptor NmU-R2 are endogenously produced in human placenta and myometrium, respectively, and are upregulated by the PAMP LPS and by its downstream mediator IL1. We propose that this neuromedin system is implicated in sustaining or initiating uterine contractions in both physiological labor and pathological preterm labor associated with inflammation. This figure was made exclusively for this manuscript by the authors.
NmU-R2 (but not NmU-R1). In addition, uterine NmU-R2 knockdown considerably attenuated receptor-coupled signaling (calcium, Erk, and Akt), uterocontractile and prolabor effects induced by NmU, as well as preterm labor induced by inflammatory/infectious stimuli. In our murine experiments, NmU and NmS had similar efficacy to induce calcium, Erk, and Akt signaling in mSMCs, as well as uterine contraction and labor. Interestingly, only the NmU-R2-specific ligand NmS was endogenously induced by inflammation and upregulated during physiological labor, suggesting that NmU is not as important as NmS in initiating or sustaining labor contractions.
In summary, we hereby describe a procontractile, prolabor human and murine system wherein neuromedins U and (more importantly) S induce calcium (and other downstream) signals in mSMCs to promote potent uterine contractions and labor via NmU-R2 at term and particularly before term. NmU-R2, NmU, and NmS are expressed in human and murine gestational tissues, and NmU-R2 and NmS are upregulated (and potentiated) by gestation age, infection, and inflammation. Correspondingly, this system is important for the onset of inflammation-induced preterm labor in mice, which may plausibly apply to human labor because NmS is markedly upregulated in gestation with clinical evidence of infection. Overall, the present study expands our understanding of the physiological mechanisms underlying labor, and it uncovers new targets for potential therapeutic intervention to delay preterm delivery, and more opportunities to identify biomarkers to predict women at risk of preterm birth. Specifically, NmU-R2 antagonists may provide benefits to prolong gestation in threatened pregnancies.
